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AUTOMATICALLY GENERATING EMBROIDERY 
DESIGNS FROM A SCANNED IMAGE 

Field of the Invention : 

[0001] The present invention pertains to the field of 
embroidery stitching. More specifically, the present 
invention relates to automatic generation of embroidery 
designs . 

BACKGROUND OF THE INVENTION 
[0002] The needle and thread were the early sewing tools 
needed for mending and repairing damaged clothing. It was 
then discovered that the needle could be used as an artistic 
tool to stitch patterns of thread that displayed colorful 
designs. This patterning of thread into designs has become 
known as the art of embroidery. Over time, embroidery designs 
have been displayed on various items ranging in size and 
complexity from simple handkerchiefs to shirts and quilts. 
[0003] Just as the sewing machine has automated the task of 
sewing, various mechanisms have been used to automate the art 
of embroidery. For example, it has become known that a 
computer can be used to assist or aid in the generation of 
embroidery designs. Typically an embroidery design is 
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recreated from a pattern that is displayed on paper. However, 
when a computer is used to create an embroidery design, many 
factors must be considered in order to produce an accurate 
interpretation of the pattern. Factors such as color 
contrast, line thickness and general object recognition, which 
are easily identifiable by the human eye are sometimes not 
easily interpreted by a computer. 

[0004] Currently, embroidery may be produced using a 
motorized sewing mechanism combined with a synchronized 
movable frame that holds material to be embroidered underneath 
the sewing needle. Specifically, as the sewing needle is 
moved up and down, the movable frame may be precisely shifted 
in x,y coordinate space via two stepping motors that are 
directed by a special purpose microcontroller. Thus, the 
length and direction of each stitch is specified by the x,y 
position of the frame at the time each of the two needle 
penetrations that compose the stitch are made. In this way, 
various types of stitching may be recreated at arbitrary 
locations on material within the frame. Embroidery data used 
as input to such a machine typically consists of a series of 
x,y coordinates specifying the locations at which stitches 

(i.e., needle penetrations) should be placed. This type of 
embroidery data may be very difficult and tedious for a human 
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operator to specify by hand. Hence, many CAD (computer-aided 
design) packages have been created to aid in the embroidery 
data creation process. Typically, these systems define simple 
high-level primitives that may be used to generate large 
groups of individual stitches by simply specifying only a few 
key points. For example, a set of zig-zag or satin stitches 
may be specified by setting a stitch density value and 
providing four points that define a bounding polygon for the 
stitches. This is illustrated in FIGURE 12a. Similarly, 
large areas may be filled using parallel rows of continuous 
stitching by simply specifying the boundaries of those areas 
as illustrated in FIGURE 12b. However, as design complexity 
grows, even using these high-level primitives to define 
embroidery data becomes time consuming and tedious. 
Additionally, the user of such embroidery data generation 
systems must have expert knowledge in terms of understanding 
and being able to apply these high-level embroidery data 
primitives. Thus, the focus of the present invention is to 
provide a means of automatically generating information from 
scanned images that correctly specifies high-level primitives 
and their required data points such that the original scanned 
image may be directly converted to embroidery design data. 
Furthermore, the automation of this process should allow the 
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conversion to be fast while not requiring any expertise on the 
part of the user . 

[0005] Computer systems have been developed for generating 
specific types of embroidery designs. For example, U.S. 
Patent No. 5,510,994 describes a system that allows a pattern 
to be scanned into a computer. When patterns are scanned into 
the computer, the scanner creates a file which depicts the 
characteristics of the scanned image. Once the file is 
created, these systems require human manipulation of the image 
to identify and distinguish its certain characteristics. For 
example, the user provides the outline in the image. This 
method of generating embroidery designs is not fully 
automated, since human manipulation of the image is required 
to ensure its accuracy. As a result of the required human 
interaction, this method of generating designs is inefficient 
and cumbersome . 

[0006] A particular embroidery pattern cannot ever 

conform to any particular characteristics. Each pattern 
contains unique characteristics such as size and color. 
Depending upon how complex the pattern is, the human 
interaction required to interpret the scanned image may be 
significant, which thereby hampers the efficiency of the 
system. 
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[0007] U.S. Patent No. 5,740,056 describes a method and 

device for producing embroidery data that also uses image data 
that has been scanned into a file. The file is read by the 
embroidery data producing device to produce an embroidered 
stitch representation of the image whose data is stored in 
that file. However, this system has many limitations. First, 
the input image must be limited to very simple black and white 
line art. There is no provision for color images or complex 
black and white line art containing one or more areas of 
singularity. Also, no effort is made to remove or reduce 
noise that may be present within the scanned image. These 
factors severely limit the type of artwork that may serve as 
input to the system. Additionally, the description of key 
mechanisms employed by the system detail serious faults that 
may cause the system to produce erroneous results. For 
example, the means by which the system derives thickness 
information pertaining to contiguous objects within an image 
is incorrect. Specifically, this means of computation could 
erroneously indicate that objects are substantially and 
arbitrarily thicker than they are in actuality. To contrast 
this, in the present invention, the methods employed here to 
provide thickness information utilize well-researched integer 
distance transform algorithms that guarantee accurate 
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thickness approximation bounded by known percentage errors. 
Also, the prior art invention does not consider exterior 
contour or edge information during the embroidery generation 
process . Hence, additional detail is lost relative to the 
original scanned image that further reduces the quality and 
accuracy of the resultant embroidery data. Finally, no method 
is provided for detecting, converting, or generating 
embroidery data for complex objects that are not classifiable 
as either thin or thick lines. Thus, the present invention, 
while within the same field, is a substantially different and 
more capable system. 

[0008] As the complexity of items that require embroidery 
increases, the need for better mechanisms for automatically 
generating embroidery designs from a pattern becomes more 
apparent. To the extent that a mechanism cannot efficiently 
and accurately interpret intricate scanned patterns into 
embroidery designs, the ability to automate embroidery 
stitching is impaired . 



SUMMARY OF THE INVENTION 
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[0009] In accordance with a preferred embodiment of the 

present invention, a method and apparatus for automatically 
generating embroidery design data from a scanned image is 
provided. The preferred embodiment of the present invention 
includes an embroidery generating mechanism which 
automatically and efficiently generates accurate embroidery 
design data. 

[0010] The embroidery generating mechanism first reads 

a file, herein referred to as image data. The image data 
contains bitmapping information generated from a software 
scanning tool, the information being related to an embroidery 
pattern that is to be generated. The scanned pattern is 
broken up into pixels, each pixel in the scanned image having 
an associated color value. 

[0011] The embroidery generating mechanism includes a 
segmentation mechanism and a chain-coding mechanism which 
perform operations to enhance the quality of the bitmapped 
information and to separate regions of the scanned image into 
objects. A distance transform (DT) evaluation mechanism also 
included within the embroidery generating mechanism classifies 
each object as being either a thick object or a thin, 
predominantly regular object. The term regular is used to 
describe a region that is not singular. Typically, a regular 
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region may be characterized as a contiguous region with a 
relatively constant thickness along a clear unobstructed path. 
As an example, the strokes of a character could be described 
as a set of regular regions joined by singularities present at 
points where strokes touch or intersect with each other. A 
more thorough discussion of regularities and singularities may 
be found in image processing literature, such as in Rocha, J. 
and Bernardino, R., "Singularities and Regularities on Line 
Pictures via Symmetrical Trapezoids, " IEEE Transactions on 
Pattern Analysis and Machine Intelligence, Vol. 20, No. 4, 
April 1998 pp. 391-395. 

[0012] If the DT evaluation mechanism determines that an 

object is thick or irregular, the DT computation mechanism 
executes a line fitting mechanism, a stitch angle 
determination mechanism, a fragment generation mechanism, a 
generational path mechanism and finally an embroidery data 
output mechanism. 

[0013] Conversely, if the DT evaluation mechanism 
determines that an object is a thin, predominantly regular 
object, the DT evaluation mechanism executes a fitting 
mechanism, a labeling mechanism, a merging mechanism, a coding 
mechanism, a column smoothing mechanism, a path generation 
mechanism and finally the embroidery output mechanism. 
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[0014] When the embroidery output mechanism executes, the 
mechanism has access to all output data needed for creating an 
embroidery design that is equivalent to the scanned pattern. 
The present invention provides a completely automated, 
efficient and accurate method for generating embroidery data 
from a scanned image. 



BRIEF DESCRIPTION OF THE DRAWINGS 



[0015] The preferred exemplary embodiments of the present 
invention will hereinafter be described in conjunction with 
the appended drawings, where like designations denote like 
elements, and: 

[0016] FIG. 1 is a block diagram of a computer system in 
accordance with a preferred embodiment of the present 
invention; 

[0017] FIG. 2 is a block diagram depicting the processing 

of embroidery information in accordance with a preferred 

embodiment of the present invention; 

[0018] FIG. 3 is an example of a thin object; 

[0019] FIG. 4 is a flow chart illustrating a method for 

automatically generating an embroidery design from a scanned 
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embroidery pattern in accordance with a preferred embodiment 
of the present invention; 

[0020] FIG. 5 depicts line detection called triangular 

filtering; 

[0021] FIGS . 6a and 6b depict a fill stitch region with the 

resulting fragmentation when two different possibilities for 
choosing a stitch angle and a fill direction are used; 
[0022] FIG, 7 shows the thin object of FIG. 3 after 

skeletal contour, outer contour and inner contour locations 
have been labelled; 

[0023] FIG. 8 depicts a method for locating left and right 

end point anchors within a thin object; 

[0024] FIGURE 9 demonstrates a method for determining 

junction anchor points; 

[0025] FIGURE 10 depicts two line regions or strokes of a 

thin object intersecting at a sharp angle; 

[0026] FIGURE 11 shows a segment of a thin object for which 

stroke cross-sections are extracted; and 

[0027] FIGURES 12a and 12b depict examples of primitive 

data points required to generate a set of satin stitches or a 
set of fill stitches respectively. 
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[0028] FIGURE 13 depicts the eight possible chain-code 
values and the associated directions. A sample chain-code 
with appropriate chain-code values is also illustrated. 
[0029] FIGURES 14a and 14b show an example of a thin, 
predominantly regular object. FIGURE 14a displays the 
original object after segmentation. FIGURE 14b displays the 
original object with DT values for each pixel written in 
hexadecimal. Pixels highlighted in white represent the 
skeletal pixels of the object while pixels highlighted in dark 
grey represent the chain-coded edges of the object. 
[0030] FIGURE 15a shows a naive conversion of edge pixels 
into a bounding edge contour where connections between objects 
are lost. FIGURE 15b depicts the results of the technique 
described within the context of the present invention. 
[0031] FIGURE 16 shows an example depicting three stages in 
processing the original scanned artwork; contour and skeleton 
coding, stroke or column extraction with associated column 
normals shown; and final stitch output produced from the 
embroidery data file generated. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 
[0032] Referring now to FIG. 1, a computer system 100 

in accordance with a preferred embodiment of the present 
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invention is shown. It should be understood that the method 
and apparatus of the present invention apply equally to any 
computer system, regardless of whether the computer system is 
a complicated multi-user computing apparatus or a single user 
device such as a personal computer or workstation. Computer 
system 100 includes a processor 110, main memory 120, a memory 
controller 130, an auxiliary storage interface 140, and a 
terminal interface 150, all of which are interconnected via a 
system bus 160. 

[0033] Note that various modifications, additions, or 
deletions may be made to computer system 100 illustrated in 
FIG. 1 within the scope of the present invention, such as the 
addition of cache memory or other peripheral devices. A 
preferred embodiment of the present invention utilizes a file 
containing bitmapped image data. This data can be read into 
the file using a scanner 170 connected through terminal 
interface 150. It should also be understood that a sewing 
machine that can be used for embroidery may be connected to 
computer system 100 through a second terminal interface 180 in 
accordance with the present invention. 

[0034] Processor 110 performs computation and control 

functions of computer system 100, and comprises a central 
processing unit (CPU) . Processor 110 may include a single 
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integrated circuit, such as a microprocessor, or any suitable 
number of integrated circuit devices and/or circuit boards 
working in cooperation to accomplish the functions of a 
processor. Processor 110 executes an object-oriented computer 
program 122 within main memory 120. 

[0035] Auxiliary storage interface 140 allows computer 
system 100 to store and retrieve information from auxiliary 
storage devices, such as magnetic disk (hard disks or floppy 
diskettes) or optical storage devices (CD-ROM) . One suitable 
storage device is a direct access storage device ( DAS D ) 175. 
As shown in FIG. 1, DASD 175 may be a floppy disk drive which 
may read programs and data from a floppy disk 185. It is 
important to note that while the present invention has been 

(and will continue to be) described in the context of a fully 
functional computer system, those skilled in the art will 
appreciate that the mechanisms of the present invention are 
capable of being distributed as a program product in a variety 
of forms, and that the present invention applies equally 
regardless of the particular type of signal bearing media to 
actually carry out the distribution. 

[0036] Examples of signal bearing media include: recordable 

type media such as floppy disks (disk 180) and CD ROMS, and 
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transmission type media such as digital and analog 
communication links, including wireless communication links. 
[0037] Memory controller 130, through use of a processor 
(not shown) , separate from processor 110, is responsible for 
moving requested information from main memory 120 and/or 
through auxiliary storage interface 140 to processor 110. 
While for the purposes of explanation, memory controller 130 
is shown as a separate entity, those skilled in the art 
understand that, in practice, portions of the function 
provided by memory controller 130 may actually reside in the 
circuitry associated with processor 110, main memory 120, 
and /or auxiliary storage interface 140 . 

[0038] Terminal interface 150 allows system administrators 
and computer programmers to communicate with computer system 
100, normally through programmable workstations . Similarly, 
although the system bus 160 of the preferred embodiment is a 
typical hardwired, multidrop bus, any connection means that 
supports -directional communication in a computer-related 
environment could be used. 

[0039] Main memory 120 contains one or more computer 
programs 122, an operating system 124, and an embroidery 
generating mechanism 12 6. Computer program 122 in memory 120 
is used in its broadest sense, and includes any and all forms 
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of computer programs, including source code, intermediate 
code, machine code, and any other representation of a computer 
program. 

[0040] It should be understood that main memory 120 need 

not necessarily contain all parts of all mechanisms shown. 
For example, portions of computer program 122 and operating 
system 124 may be loaded into an instruction cache (not shown) 
for processor 110 to execute, while other files may well be 
stored on magnetic or optical disk storage devices (not 
shown) . In addition, although computer program 122 is shown to 
reside in the same memory location as operating system 124 and 
embroidery generating mechanism 126, it is to be understood 
that main memory 120 may consist of multiple disparate memory 
locations . 

[0041] A preferred embodiment of the present invention 
provides an embroidery generating mechanism which 
automatically, efficiently and accurately generates embroidery 
design data output from embroidery image data. An embroidery 
device receives the embroidery design data output and stitches 
the design according to the output. The resulting stitched 
embroidery design is a nearly flawless reproduction of the 
original image data. 
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[0042] Referring now to FIG . 2, a block diagram depicting 
the processing of embroidery information in accordance with a 
preferred embodiment of the present invention is shown. 
Generally, the present invention supplies a file containing 
image data 202 to embroidery generating mechanism 126 (as 
indicated by the leftmost right pointing arrow) . In turn, 
embroidery data generating mechanism 126 executes a series of 
sub-mechanisms on image data file 202 and produces an 
embroidery output file 204 (as indicated by the rightmost 
right pointing arrow) which contains data that is fed to a 
sewing device for stitching the embroidery design. 
[0043] Embroidery data generating mechanism 126 contains a 
segmentation mechanism 206, a chain coding mechanism 208, a DT 
evaluation mechanism 210, a line fitting mechanism 212, a 
stitch angle determination mechanism 214, a fragment 
generating mechanism 216, a generate path mechanism 218, an 
embroidery output mechanism 220, a fitting mechanism 222, a 
labelling mechanism 224, a merging mechanism 226, a coding 
mechanism 228, a column smoothing mechanism 230 and a path 
generating mechanism 232. 

[0044] When a user first scans in an embroidery pattern, a 
software program within the scanner creates a representation 
of the pattern, referred to in this specification as image 
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data 202. Image data 202 is broken up into small objects 
called pixels. Each pixel in the image data 202 has an 
associated color. Each unique color in the scanned pattern 
has its own unique bitmap. For purposes of the present 
invention, it should be assumed that image data 202 contains 
24-bit color, 300 dpi bitmapped information. 
[0045] Before embroidery data generating mechanism 126 
executes on image data 202, image data 202 is in its raw form 
and the bitmapped data stored within the file has not yet been 
error-corrected. For example, before embroidery data 
generating mechanism 126 executes on image data 202, some 
pixels of image data 202 may have incorrect bitmap assignments 
due to noise distortion during the scan. For example, a pixel 
may have been assigned a color which is not a correct 
representation of that pixel. 

[0046] Once image data 202 has been scanned, embroidery 

data generating mechanism 126 executes segmentation mechanism 
206. Segmentation mechanism 206 classifies each pixel within 
image data 202 as belonging to a distinct object, where each 
object represents a particular contiguous or connected region 
in the image data. Any pixels that were not categorized into 
a particular object during the first segmentation may be 
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considered noise, generated during scanning when the scanner 
could not properly assign a color for a particular pixel. 
[0047] Each pixel has a series of eight neighboring pixels, 
and it is likely that at least one of these neighboring pixels 
has been assigned to a particular object. Segmentation 
mechanism 206 assigns an uncategorized pixel to an object 
where a neighboring pixel has been assigned. It should be 
understood that each of the eight neighboring pixels may 
belong to more than one object. Segmentation 206 mechanism 
uses mathematical methods to determine which object to which 
an uncategorized pixel should be assigned. 

[0048] Once segmentation mechanism 206 segments image data 
202 into objects, chain-coding mechanism 208 performs further 
image processing on each individual object within image data 
202. Chain-coding mechanism 208 chain codes each object's 
edge contours and then uses the chain-coded contours to 
compute the skeleton and 3-4 integer distance transform 

(herein referred to as DT) information for each object. 

[0049] After the execution of chain-coding mechanism 208, 
embroidery data generating mechanism 126 executes DT 
evaluation mechanism 210. DT computation mechanism 210 
classifies each object into one of two categories. Either the 
object is a thick object or a thin, predominantly regular 
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object. Whether the object is classified as a thick object or 
a thin, predominantly regular object determines the next 
series of processing steps needed to generate output 
embroidery data for each object. A thick object is stitched 
in rows using fill stitch, whereas a thin object is stitched 
in columns using a satin stitch (also referred to as a zig-zag 
stitch) . 

[0050] Now referring to FIG. 3, a thin line object 300 is 
shown for purposes of defining terms contained within this 
specification. The letter "A" has been identified herein as a 
thin line object present in the image data. As described 
above, since object 300 is a thin line object, it is to be 
stitched using a satin stitch. 

[0051] Object 300 contains an external edge contour 302, an 
internal edge contour 304, a series of skeletal branches 306 
and a number of nodes 308. External edge contour 302 can be 
described simply as the outer edges of a line object. 
Similarly, internal edge contour 304 can be described as the 
inner edges of a line object. Skeletal branches 306 represent 
the approximate midpoint between external edge contours 302 
and/or internal edge contours 304. Nodes 308 represent areas 
where skeletal branches 306 intersect. 



19 



PATENT 
20060/10001B 



[0052] Again referring to FIG. 2, as mentioned above, DT 
evaluation mechanism 210 determines whether an object is a 
thick object or a thin, regular object. If DT evaluation 
mechanism 210 determines that the object is thick, embroidery 
data generating mechanism 126 executes line fitting mechanism 
212. Line fitting mechanism 212 stores all external edge 
contours and internal edge contours of the line object in 
discrete data structures. 

[0053] Once line fitting mechanism 212 executes, embroidery 
data generating mechanism 126 executes stitch angle 
determination mechanism 214. As mentioned, thick objects are 
stitched in rows using fill stitching. It is desirable to 
stitch adjacent parallel rows continuously at a single fixed 
angle such that needle repositioning is minimized and 
continuity is preserved. Stitch angle determination mechanism 
214 determines an optimum angle for the fill stitching, so as 
to minimize needle repositioning during the fill. 
[0054] Fragment generation mechanism 216 is executed by 

embroidery generating mechanism 126 after line fitting 
mechanism 212 finishes executing. Fragment generation 
mechanism 216 separates the fill stitching into a series of 
sub-regions called fragments. Each fragment corresponds to a 
maximal area that may be filled at a specified angle/direction 
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using a single fill stitch operation (i.e., without any needle 
repositioning) . A modified scan-line fill algorithm is 
utilized when breaking up an object into a set of maximal 
fragments. Sixteen different scan angles are used to 
determine the angle that is the most optimal, that is the 
angle which generates the smallest number of fragments. 
[0055] Once fragment generation mechanism 216 executes, 

embroidery data generating mechanism 126 executes generate 
path mechanism 218. Generate path mechanism 218 determines 
the order that fragments should be sewn so as to minimize or 
eliminate thread cutting. Generate path mechanism 218 also 
determines the most optimal locations for the points where 
sewing of a fragment begins and ends (typically referred to as 
the entry and exit points) . 

[0056] After the execution of generate path mechanism 218, 
embroidery data generating mechanism 126 executes embroidery 
output mechanism 220. Embroidery output mechanism 220 
produces an embroidery output file containing all data 
necessary to stitch the thick object including the proper 
angles, fragments and start/exit points. 

[0057] If DT computation mechanism 210 determines that an 

object in image data 202 is a thin object, embroidery data 
generating mechanism 126 executes line fitting mechanism 212. 
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Line-fitting mechanism 212 determines and creates a data 
structure for each external edge contour, internal edge 
contour, skeletal branch and node within the thin object. 
These data structures are used to create points needed for 
stitching the embroidery pattern. 

[0058] Once line fitting mechanism 212 processes a thin 
object, embroidery data generating mechanism 126 executes 
labelling mechanism 224. A thin object is made up of object 
contours which are the outermost portions of a line and 
skeleton branches which delineate the approximate midpoint 
lying within the line. Labelling mechanism 224 determines the 
location of all vertices on a line object and categorizes a 
subset of these vertices as being either end point anchors or 
junction point anchors. These anchors are used to further 
delineate or provide bounds for the simple continuous column- 
like regions that compose a thin object. The regions bounded 
by these anchors are synonymous with the regularities of the 
object . 

[0059] Embroidery data generating mechanism 126 executes 
merging mechanism 226 after labelling mechanism 224 labels all 
vertices. Merging mechanism 226 performs additional 
processing on objects to detect certain acute characteristics 
present in the object that would be detected by a human 



22 



PATENT 
20060/10001B 



expert. Merging mechanism 226 may detect serif-like sections 
of an object, like those used in conjunction with the Times 
Roman type font. The serifs are present at the top and bottom 
sections of the letter "A". These particular characteristics 
are detected based upon rules that have been hard-coded into 
merging mechanism 226. 

[0060] After embroidery data generating mechanism 126 
executes merging mechanism 226, coding mechanism 228 executes. 
Coding mechanism 228 eliminates singular regions of a thin 
object so that connected regularities can be sewn as single 
continuous columns or strokes. Coding mechanism 228 utilizes 
contour anchor points at each singular region. When coding 
mechanism 228 finishes execution, all final stroke 
representation needed for embroidery satin stitch data point 
generation are produced. 

[0061] Embroidery data generating mechanism 126 then 

executes column smoothing mechanism 230. Column smoothing 
mechanism 230 removes discontinuity among consecutive stroke 
normals generated by coding mechanism 228. 

[0062] After column smoothing mechanism 230 executes, 
embroidery data generating mechanism 126 executes path 
generating mechanism 232. Path generating mechanism 232 
ensures that no thread cuts will be required during the sewing 
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of a contiguous stroke region, thereby increasing the 
efficiency of stitching the embroidery pattern. 
[0063] During the execution of column smoothing mechanism 

230, embroidery data generating mechanism 126 executes 
embroidery output mechanism 220. Embroidery output mechanism 
220 produces an embroidery output file containing all data 
necessary to stitch the thin object including the proper 
columns and start/exit points. 

[0064] Now referring to FIG. 4, a method 400 for 

automatically generating an embroidery design from a scanned 
embroidery pattern is shown. Method 400 begins in step 402 
when the embroidery generating mechanism reads image data that 
has been input into a data file using a scanner. 
[0065] As described above, the scanner generates a 
bitmapped file representation of the scanned pattern. 
[0066] In step 404, the embroidery generating mechanism 

executes the segmentation mechanism. The segmentation 
mechanism segments contiguous regions of similar color into 
objects, each object having a unique object identification. 
Segmentation consists of several processing steps. The first 
step, selectively smoothes the image to eliminate noise 
classified as "salt and pepper" noise and to increase color 
homogeneity between pixels belonging to areas of similar 
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perceived color. This step is unique from other standard 
smoothing operators in that the distortion of edges (sometimes 
termed edge dilation) is avoided. Specifically, a pixel area 
or neighborhood is evaluated to first see if it is an area of 
high contrast (indicating the presence of an edge) . If this 
is the case, the area is not smoothed to preserve the edge 
direction and location. However, areas of low contrast are 
smoothed by performing a weighted average of surrounding color 
values to promote the type of homogeneity discussed above. 
[0067] After smoothing, region growing operations are 
sequentially initiated at points of low contrast (as 
determined above) to create a starting set of image segments 
or objects. The growing operation allows pixels near these 
starting points to be added to an associated segment if their 
color is similar to that of the starting point's. 
[0068] Any pixels that have not been segmented into objects 
are usually found around areas of high contrast or noise in 
the image. Each uncategorized pixel is absorbed into an 
object which neighbors the uncategorized pixel. The 
segmentation mechanism compares the closeness of an 
uncategorized pixel as well as the color similarity of the 
uncategorized pixel to determine the neighboring object to 
which the uncategorized pixel should be merged. 
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[0069] Once all pixels in the bitmap have been categorized 
into objects by the segmentation mechanism, the segmentation 
mechanism removes any objects containing less than six pixels, 
since it is assumed that these objects represent mere noise. 
The segmentation mechanism then assigns the pixels belonging 
to these noise regions with the object identification of the 
nearest larger neighboring object. 

[0070] In step 406, the embroidery generating mechanism 
executes the chain-code mechanism. Chain coding mechanism 208 
actually performs thinning and DT computation in addition to 
generating chain codes for the segmented image data. Chain 
coding mechanism 208 operates by performing a single raster 
scan of the now segmented image data and creating strings of 
chain-codes that represent the closed contours (or edges) of 
each object. A single object always has one closed exterior 
contour representing the outer most edge of the object, but 
may also have one or more closed interior contours 
representing one or more holes in the object. Chain-coding 
these contours involves detecting the pixels which lie on 
these contours (i.e. the edges of an object) and relating them 
to one another as a single string of continuous locations. 
Specifically, a single pixel on one of these edge contours is 
chosen as a chain-code head for the contour and as such is- 
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specified by storing its x,y location in a discrete data 
structure. Then, the next pixel specified by the chain code 
is a subsequent edge pixel that touches or is connected to the 
previous pixel in the chain (in this case the head pixel) . 
The location of the next pixel is stored in a discrete data 
structure by specifying its location relative to the previous 
pixel. This relative position may indicate that the pixel 
lies one pixel to the east, northeast, north, northwest, west, 
southwest, south, or southeast of the previous edge pixel. As 
such, a type of directions are provided which allow a 
contour's chain-code to be traversed starting from it head and 
working around the entire edge. FIGURE 13 shows for a pixel 
p, the eight neighboring pixels 1 relative chain-code 
directions. Once all object contours are encoded in this 
fashion and stored in the computers memory, this information 
serves as input to the thinning/DT computation algorithm. 
This algorithm is an extension of the approach presented in 
Paul C. Kwok's paper, "A Thinning Algorithm by Contour 
Generation" in Communications of the ACM (Nov. 1988) . A 
detailed description of this algorithm is beyond the scope of 
what is presented here. Its basic premise is to evaluate 
consecutive chain-code directions to allow sections of 
chain-code (3-pixels long) to be categorized. Then, based on 
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the specific categorization, a section of new chain-coded 
contour may be produced immediately toward the interior of the 
existing contour. This process is continued until an entirely 
new chain-coded contour is created within the immediate 
interior of the existing contour, effectively "shaving off" 
the outer most edge of the object (i.e. thinning the object). 
Then, the process continues iteratively using the newly 
generated chain-code contour as input. The process stops when 
a newly generated contour represents a single pixel-wide area 
within the center of an object known as the object's skeleton. 
[0071] The algorithm has been extended to also efficiently 
compute the (3,4) distance transform (DT) for each pixel 
contained within an object during contour generation. An 
integer distance transform, such at the (3,4) DT, sometimes 
termed the chamfer DT, attempts to approximate the Euclidean 
distance from any non-feature pixel (in this case, a pixel in 
the interior of an object) to the nearest feature pixel (the 
nearest pixel exterior to the object) . A thorough description 
and examination of DTs is presented by Gunilla Borgefors 
paper, "Distance Transformations in Digital Images," in 
Computer Vision, Graphics and Image Processing (vol. 34, 
1986) . 
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[0072] An illustration of the chain-coded contours, 
skeleton, and DT values of an object is presented in FIGURE 
14. Note, DT values in FIGURE 14 are written in hexadecimal 
to conserve space. A DT value may be normalized by dividing 
the value by three. This normalized value indicates the 
approximate distance to the nearest boundary of the object. 
In this figure, chain-coded pixels are highlighted in dark 
grey while skeletal pixels are highlighted in white. The 
method of chain-coding, skeletonization and DT computation is 
not fundamentally important within the context of the present 
invention. Other methods for their computation are described 
throughout the literature. It is simply required that this 
.information be computed by some means and is made available 
:for use and evaluation by subsequent mechanisms of the present 
invention . 

[0073] Once the chain-coding mechanism 208 executes, the 

embroidery data generating mechanism executes the DT 
evaluation mechanism 210. The DT evaluation mechanism 
classifies each object in the image data as being either a 
thick object or a thin, predominantly regular object. As 
explained above, a thick object is stitched in rows using fill 
stitch whereas a thin object is stitched in columns using 
satin stitching. 
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[0074] The DT evaluation mechanism is able to classify each 
object since all thin objects are characteristically made up 
of regular regions. Predominantly regular regions display 
properties of constant thickness with few areas of singularity 
(e.g. where multiple regions intersect). The DT evaluation 
mechanism detects regular objects by examining the DT values 
of pixels on the skeleton of the object (refer to FIGURE 14) . 
[0075] For regular regions these pixels typically contain 
distance transform values that fall within a relatively narrow 
range. In effect, for a regular region, no significant 
variation (increase or decrease) should exist of the 
associated skeletal pixels' labeled distance transform values. 
In other words, a lack of such deviation signifies that the 
region represented by the skeleton is of relatively uniform 
thickness and direction. 

[0076] Thus, DT evaluation mechanism 210 operates by 

computing several mathematical statistics for the DT values 
present at skeletal pixel locations. Again, these skeletal 
pixels are the center most interior points of an object and 
define the shape of an object's overall skeleton as described 
earlier and illustrated in figure 3. The statistics computed 
include (but are not limited to) the maximum (max) of these DT 
values, the arithmetic mean (y) of these DT values, and the 
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standard deviation (o) of these DT values. After statistics 
are computed, rules are constructed which categorize an object 
based on arithmetic relationships between any combination of 
the various computed statistics and/or experimentally 
determined thresholds. For example, if 
[0077] 2-0 < \i < 1/2 -max 

[0078] then the object is considered predominantly regular. 
Also, if max and \x are less than predefined threshold values 
the object may also be considered thin. Any objects that do 
not meet these criteria may be considered thick. Additional 
relationships or rules may be established to further 
distinguish between thin predominantly regular objects or 
thick objects. Although not currently employed here, it may 
also be possible to compute such statistics for each skeletal 
branch allowing classification to be performed within various 
regions of a single object. Subsequent processing after this 
mechanism executes is significantly different depending on 
whether an object is classified as a thick object or a thin 
predominantly regular object. 

[0079] Once the DT evaluation mechanism classifies an 
object as either thick or thin, step 408, the embroidery data 
generating mechanism determines whether an object has been 
classified as thick, step 410. If an object has been 
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classified as thick, step 410, the* embroidery data generating 
mechanism executes the line fitting mechanism, step 412. 
[0080] The line fitting mechanism detects sections of 
object contours which may be approximated as discrete line 
segments. Hence, these contours are now characterized as 
polygons instead of complex strings of connected pixels. This 
process also eliminates any minor noise that may be present 
along the edge of an ob j ect . 

[0081] Now referring to FIG. 5, a method that can be used 
for line detection termed triangular filtering is shown . FIG . 
5 contains a plurality of pixels 502 wherein a number of 
vertices have been identified 504, as differential chain-code 
points, as indicated by the black fill. Three vertices 504 
form points on a triangle 506, as indicated by the dotted 
line. Vertices 504 are eliminated based on the height of the 
triangle formed by itself and neighboring differential points. 
Specifically, if a triangle height is below a particular 
threshold value, its associated vertex is eliminated from the 
poly-line approximation . 

[0082] Prior to the poly-line approximation process for 
object contours, an additional step must be performed to 
maintain the connectivity between independent objects within a 
scanned image. When first extracting the differential chain- 
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code points, it may seem reasonable to create associated poly- 
line vertices at the center of those extracted points. 
However, within this context, it is very important that this 
is not done since all connections between adjacent objects 
would then be lost. Instead, points are assigned toward the 
edge of associated chain-code based upon the surrounding 
chain-code directions . 

[0083] The chain-code contexts are organized in a manner 
similar to the method presented for contour generation. More 
precisely, the difference between the current and previous 
chain-code values is used to classify the particular case for 
poly-line vertex generation. Additionally, fixed vertices 
(i.e., vertices which may not be removed during triangular 
filtering) are placed at the outer edge of contour chain-codes 
where the touching or adjacent object has changed. This is 
done to ensure that the two objects always begin to share a 
common edge at this fixed anchor point. The final result of 
this effort is that objects sharing a common pixel boundary 
now also share a common poly-line boundary as shown in FIG. 
15. 

[0084] In order for this property to be maintained, one 

additional change must also propagate to the implementation of 
the triangular filtering. Specifically, when triangle heights 
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are computed and multiple vertices have an equivalent minimum 
height, the choice for removal must not be arbitrary. Instead 
the vertex removed is chosen to be the one which lies closest 
to the origin in Cartesian coordinates. This guarantees that, 
among different objects sharing common boundaries (i.e., 
between fixed anchor points) , the same set of vertices are 
removed in the same order during their associated triangular 
filter operations . 

[0085] As mentioned, thick objects or fill stitch regions 
require significantly less processing than do thin or satin- 
stitch regions. However, some processing must be performed to 
ensure that the most optimal stitch angle is used to fill 
^stitch a thick object. Specifically, thick objects must be 
/sewn as continuous rows of stitching laid down in adjacent 
parallel rows of a single fixed angle throughout the entire 
object. The order in which the physical stitches are sewn is 
constrained whereas the angle at which the physical stitches 
may be sewn is more flexible. 

[0086] For fill stitch regions it is most desirable to be 

able to start sewing rows of stitches in a quasi-scan-line 
ordering at one side of the object and to continue sewing 
until the other side of the object is encountered. However, 
because the region may contain holes or complex concavities, 
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this may not be possible since the sewing needle may not be 
lifted without leaving a thread trail. Thus, a single fill 
region may have to be fragmented into smaller sub-regions 
which are each individually able to be sewn out in a 
continuous scan-line manner, 

[0087] After a sub-region is sewn, the thread may be cut 
or, if possible, running stitches may be generated to move to 
the beginning of the next un-sewn sub-region. It should be 
noted that in embroidery designs, thread cuts impose a 
significant sewing time penalty they are, in general, 
undesirable. Thus, when creating embroidery data, thread cuts 
are eliminated or minimized whenever possible. One method of 
reducing the number of thread cuts within a complex fill 
region is to choose a sewing direction that minimizes the 
number of fragments or sub-regions that must be created. 
[0088] Once again referring to FIG. 4, the embroidery 
generating mechanism executes the stitch-angle determination 
mechanism, step 414. The stitch-angle determination mechanism 
chooses a scan angle from sixteen possible scan angles that 
generates the fewest fragments for the object. Specifically, 
for each possible scan angle the region is fragmented via the 
fragment generation mechanism and the total number of 
fragments generated using that particular scan angle is stored 
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in memory. After all sixteen scan angles are used, the angle 
chosen is the one which caused the fewest fragments to be 
generated. 

[0089] Now referring to FIG . 6a, a stitch fill region 600 

is shown. Stitch fill region 600 is shown as segmented using 
a downward fill direction and associated left to right fill 
angle. As shown, stitch fill region 600 has a first segment 
602 and a second segment 604. Using the downward fill 
direction and left to right fill angle requires that fill 
stitch region 600 be broken into two regions. 

[0090] Now referring to FIG. 6b, stitch fill region 600 is 
again shown. However, now a left to right fill direction and 
an upward pointing stitch angle is used. Using these 
directions for fill and stitch, stitch fill region 600 may be 
sewn as a single fragment and does not need to be broken up 
into smaller regions. Thus, in this example, the stitch angle 
demonstrated in FIG. 6b would be chosen over the stitch angle 
demonstrated in FIG. 6a since the stitch angle in FIG. 6b 
produces fewer fragments. 

[0091] Referring again to FIG. 4, once the stitch angle 

determination mechanism chooses an angle that minimizes 
fragmentation, the embroidery generating mechanism executes 
the fragment generation mechanism, step 416. With a minimum 
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set of fragments generated for a fill stitch object, an 
optimal ordering of the fragments must now be derived. 
Specifically, the fragments should be sewn in a particular 
order as to both minimize thread cuts and run stitching while 
maintaining path connectivity as much as possible. Once 
fragments are generated, step 416, the embroidery generating 
mechanism executes the generate path mechanism, step 418, to 
determine the most optimal order for sewing the fragments. 
[0092] The entry and exit points into the region (i.e., 
where sewing begins and ends) can be any points on an exterior 
contour belonging to the region. Then, the fragments that are 
touched at these points may be determined easily. The 
fragment corresponding to the region exit point is examined 
first. Here, a recursive procedure is defined which traverses 
the remaining fill fragment regions starting from this ending 
region. As recursive calls are completed, control points for 
fill fragments are generated until finally, the ending 
region's control points are generated. The order in which 
fragments are traversed is dependent on several factors . 
Ideally, after a single fragment is traversed or sewn, running 
stitches should be generated within the interior of the global 
region to the entry point of the next fragment to be traversed 
or sewn. 
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[0093] It is preferable to use running stitches instead of 

individual thread cuts and needle up movements between 
fragments since the associated overhead is significantly less. 
The running stitches generated between fragments must 
eventually be covered up when the fragments fill stitching is 
sewn. The desire to eliminate thread cuts implies that, while 
sewing a fill region, the needle is always down (i.e., leaving 
a trail of stitching behind it) . Thus, the planning of fill 
fragments and running stitches sewn between them is quite 
important . 

[0094] Additionally, it may occur that such an ordering is 
impossible with the given minimum set of fragments provided 
(That is, the algorithm is forced to sew itself into a corner 
so to speak.) To avoid this, one may either introduce a 
thread cut and use needle up movements to gain access to 
remaining un-sewn portions of the object, or a further 
fragmentation of the original fragments may be performed. 
This additional fragmentation allows the sequence of traversed 
fragments to continue at the cost of increasing the total 
number of fragments or sub-regions that must be sewn. This 
cost could be significant if shifts or buckles in the material 
being sewn occur due to the excessive movement between 
multiple fragments . 
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[0095] Ultimately, this could lead to fragments becoming 
misaligned with one another or not meeting precisely at their 
boundaries causing noticeable spaces within the fill region. 
Thus, fragments should be sewn in as continuous a manner as 
possible. A recursive algorithm must be used which requires 
that previously during fragment creation, each fragment was 
marked as to how it was created. For example, a previously 
existing fragment was split causing the creation of a new 
fragment connected to the previous fragment at its start edge 
or start scan-line. The mid-line or poly-line of each 
fragment is also computed as the path from start line to end 
line lying at the mid-points between the vertices marked on 
the left and right side of the fragment. This mid-line is 
used to determine a suitable path to move upon from the sewing 
needle's current position to the entry point for the next 
fragment to be generated. 

[0096] Once the generate path mechanism finishes executing, 

step 420 the embroidery data generating mechanism executes the 
embroidery output mechanism. 

[0097] If the object was not classified as a thick object, 

step 410, the object is a thin object to be sewn with satin 
stitch. When an object is classified as a thin object by the 
DT evaluation mechanism, step 408, the embroidery generating 
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mechanism executes the line fitting mechanism, step 422. Like 
the line fitting mechanism performed in step 412, the line 
fitting mechanism of step 422 performs line fitting on the 
external and internal contours of the thin object. However, 
the line fitting mechanism additionally represents the 
skeletal branches and nodes in data structures, step 422. 
Specifically, skeletal branches are represented as minimal 
sets of connected line segments instead of long strings of 
connected pixels. Relationships such as the specific nodes 
that various branches connect and the number of branches that 
meet at any given node are maintained within discrete data 
structures to provide easily accessible and appropriate 
information for subsequent processing steps. 

[0098] Generating control points for satin stitch regions 
is significantly more complex than generating those points 
needed for fill object stitching. This is predominantly due 
to the fact that extracting intuitively shaped strokes from a 
static bitmap is an inherently difficult problem. Most of 
this difficulty occurs when attempting to interpret the 
singular regions of a stroke image. The methods presented 
here involve finding characteristic edge vertices using the 
geometric properties of both the skeleton and edge contour as 
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well as distance transform information present at and around 
skeletal nodes. 

[0099] Once the line fitting mechanism executes, step 424, 
the embroidery data generating mechanism executes the labeling 
mechanism. The labeling mechanism identifies and classifies 
points on the outer contour, the inner contour (s), the 
skeleton contour within various categories. 

[00100] Now referring to FIG. 7, thin object 500 is again 
shown with additional labelling as performed by the labelling 
mechanism, step 424. Thin object 500 now includes an end node 
702, a junction node 704, a junction point anchor 706, a 
skeletal branch vertice 708 and an end node DT value 710. 
[00101] The labeling mechanism labels the skeleton contour 
at junction nodes 704 and end nodes 702 which effectively 
indicate points at which singularities or discontinuities are 
present in the thin object. 

[00102] Using this labelled information, characteristic edge 
vertices are found which delineate the boundaries of regular 
regions. Here, two different types of characteristic edge 
vertices are defined and located: junction point anchors 706 
and end point anchors 710. Each junction point anchor 706 
characterizes a specific concavity formed in the skeletal 
representation where two skeletal branches 708 intersect. 
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[00103] An end point anchor is a vertex on the object 
contour that is associated with a skeletal node of degree 1. 
The degree of a skeletal node is the number of branches that 
emanate from it. Examples of both types of anchor points are 
shown in FIG. 7. After locating these anchor points, each 
skeletal branch not eliminated due to the removal of artifacts 
has associated left and right contours. 

[00104] More specifically, these contours are delineated and 
bounded by the left and right anchor points found at the 
skeletal nodes present at either end of the skeletal branch. 
The embroidery generating mechanism executes the anchor 
locating mechanism to determine the location of end point 
anchors . 

[00105] Now referring to FIG. 8, a method for locating left 
and right end point anchors within a thin object is shown at 
reference numeral 800. Method 800 begins when the anchor 
locating mechanism extends the skeletal end node in the 
direction of the entering skeletal branch, step 802. 
[00106] The direction of the extension is considered to be 
the generalized direction of the singularity at which the 
branch is terminated. This direction is recorded for use in 
later steps. The actual extension of the skeletal branch is 
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proportional to the local thickness of the end node so that 
the branch is guaranteed not to extend beyond the boundaries 
of the object. 

[00107] Additionally, the local thickness (average DT value 
along the skeletal branch end) is used to compute a maximum 
search distance utilized in other steps. One final reference 
measurement taken is the generalized start angle for the 
singularity. This value is the angle of the normal vector to 
a slightly more interior point of the skeletal branch or the 
normal to the average vector of two approximately parallel 
edge vectors located on either side of the ending region. 
[00108] Once all branches are extended, step 802, the end 
point anchor locating mechanism executes to find the closest 
edge vertex, step 804. The closest edge vertex is located by 
finding the closest edge contour point nearest to the extended 
skeletal end point node. 

[00109] The end point anchor locating mechanism checks for a 
sufficiently acute contour point, step 806. Specifically, the 
contour bend angle at the point located is computed, step 806. 
This angle may indicate that a sufficiently sharp convexity 
(i.e., an acute angle less than a predefined threshold, such 
as 30 degrees) exists. If so, this branch is considered to 
end at a single sharp point. Both the left and right end 
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point anchors are defined at this point. Otherwise, if the 
left and right neighbor vertices of the edge vertex are also 
close to the extended skeletal end point (not more than twice 
the distance of the closest vertex) , the system checks for a 
sufficiently acute vertex at these vertices. If, of the three 
vertices checked, none is sufficiently acute, the left and 
right end point anchors are determined in subsequent steps. 
[00110] The anchor locating mechanism searches for an anchor 
pair by searching for a pair of end point anchor points that 
most closely meets the following criteria, step 808. The 
search should start with the closest edge contour point and 
then should progress toward neighboring connected contour 
points. The search should continue until either the distance 
traversed on the contour (from the located close point) 
exceeds the maximum computed search distance or until a 
maximum of four neighboring vertices adjacent on either side 
of the close vertex are examined. 

[00111] For each connected and adjacent pair of vertices 
within the set of examined vertices, vector angles are 
computed for the section of contour that the adjacent vertices 
represent. The vector entering the left vertex of the two 
adj acent vertices and the vector leaving the right vertex 
should both be compared to the computed extension angle. 
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These two vectors should be in opposite relative directions 
compared to the extension angle. If they are not, the 
associated vertices are rejected as end point anchor 
candidates . 

[00112] For all pairs of end point anchors not rejected the 
angle of the vector between the two anchors is computed and 
the deviation from the start angle is recorded. The pair 
chosen is the pair the vector angle of which is closest to the 
computed start angle in direction and closest to the computed 
local thickness in magnitude. 

[00113] In addition to testing adjacent contour points as 
possible anchor candidates, non-adjacent pairs are also 
tested. Specifically, contour points that are separated by a 
single contour vertex are tested as anchor point candidates 
Using a similar approach, the system tests for approximately 
opposite but parallel entry and exit vectors. 
[00114] If none of these search heuristics produces a 
suitable set of end point vertices, the vertices are both 
chosen to be located at the closest contour convexity point. 
Once the end point vertices are calculated, the embroidery 
data generating mechanism executes the junction anchor points 
determination mechanism. 
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[00115] Now referring to FIG . 9, a method 900 begins when 
the embroidery data generating mechanism executes the junction 
anchor points mechanism to determine stroke junction anchor 
points. The junction anchor points mechanism computes 
bounding branch angles, step 902. 

[00116] These bounded branch angles are computed by 
traversing each connected branch from the given node to find a 
point whose distance from the node is equal to the nodes DT 
value. Then a single line connecting the node to that point 
specifies a vector with a given angle, termed the branch 
angle, originating from the node. This angle is computed for 
each branch originating at the skeletal junction node. A 
range of angles is constructed for each consecutive pair of 
branches moving in a clockwise order. This range is simply a 
measure of the skeletal concavity formed between branches 
entering at the node and effectively partitions the 
surrounding 2D space into n areas (where n is the number of 
branches entering this node) . 

[00117] Once bounding branch angles are computed, the anchor 
points determination mechanism executes to search for contour 
concavities that map to skeletal concavities, step 904. The 
search should be within a search distance proportional to the 
junction node's local thickness (i.e., its DT value) and the 
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magnitude of the skeletal concavity. Specifically, the search 

distance is chosen as: 

[00118] (DT value) * 10 < 2pi - th ^a) 

[00119] where theta is the angle between the two associated 
skeletal branch vectors. 

[00120] Once contour concavities are found, the junction 
anchor points determination mechanism executes to compute 
concavity directions, step 906. This value is a vector 
indicating the midpoint in the angular distance between the 
two edge contour segments connected at the concavity point. 
[00121] The anchor points determination mechanism computes 
relative concavity location, step 908, by deriving the angular 
location and distance of each contour concavity point from the 
associated skeletal node. Once the relative concavity 
location is computed, in step 910 the anchor points 
determination mechanism chooses a matching contour point for 
each skeletal concavity. This is accomplished by choosing the 
closest contour concavity point the concavity direction of 
which lies closest to the center of angular distance of a 
skeletal concavity . 

[00122] Also, the relative concavity location should fall 
within the bounded range of the skeletal concavity to which it 
is mapped. Thus, for each skeletal concavity there should 
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exist a corresponding edge contour concavity point. 

(Exceptions may occur in the case of elongation artifacts 
where no contour concavity may be located.) 

[00123] After the junction anchor points determination 
mechanism finishes executing, the skeleton should be annotated 
with characteristic edge vertices. Counter intuitive 
distortions of a region's skeleton due to thickness of the 
region, known as artifacts, may be removed. For example, when 
two sufficiently thick, straight lines cross at a sharp angle, 
the generated skeleton may represent this intersection as a 
.line segment between two pairs of skeletal branches. While 
,this may be a more accurate geometric interpretation of the 
intersection, it is not indicative of the intuitive topography 
:of the shape. 

[00124] This specific type of artifact is called a 
bifurcation. When two thick lines join at a single point and 
at a significantly sharp angle, a similar artifact is produced 
called an elongation artifact. When two contour anchor points 
are shared (i.e., or in common) between two nodes sharing an 
associated skeletal branch, a bifurcation artifact may be 
identified and the nodes may be merged at the midpoint between 
the two. 
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[00125] Now referring to FIG. 10, a first line segment 1010 
and a second line segment 1020 are shown intersecting each 
other at a midpoint 1030. A plurality of skeletal nodes are 
shown as nl and n2 and are discovered to be the end points of 
a bifurcation. However, notice that it is insufficient to 
detect this case by checking for an overlap of local thickness 
circles as proposed previously in the literature. 
[00126] Instead, characteristic edge vertices are located at 
a plurality of points A, B, C and D. When it is discovered 
that the two nodes share a common skeletal branch, the two 
associated characteristic edge vertices are examined for 
similarity. If both nodes have been mapped to the same two 
characteristic edge vertices (in this case D and B) , the nodes 
are merged. 

[00127] The location of each characteristic edge vertex is 
bounded by associated branch angels in the figure shown as 
vectors originating from nodes nl and n2 . As the angle 
between any two of these vectors increases, so does the 
bounding distance within which characteristic edge vertices 
may be located. Specifically, the following equation is used: 
[00128] Search Distance=(DT value) * 10 < 2pi+theta > 
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[00129] where theta is the angle between two branch vectors. 
The constant value of 10 was chosen empirically. Lower or 
higher values may be chosen; they affect the heuristic f s 
propensity to merge nodes which are far apart. 
[00130] Similarly, for elongation artifacts, if contour 
anchor points cannot be located on either side of a branch 
angle, the related branch is eliminated with movement of the 
related skeletal nodes to approximate the branch's midpoint. 
An additional constraint must specify that the maximum length 
of the elongation branch be less than the maximum 
characteristic edge vertex search distance (see Search 
Distance defined above) . 

[00131] When a branch is eliminated and the two related 
nodes are merged (whether due to the presence of an elongation 
or bifurcation artifact) the endpoints of all remaining 
branches attached at the two original nodes are effectively 
"pulled" toward a new junction point. This new junction point 
is located at the midpoint of the branch between the two 
nodes. 

[00132] Referring again to FIG. 4, once the labelling 
mechanism finishes executing, the embroidery generating 
mechanism executes the merging mechanism, step 426. After the 
skeleton and contours are labeled and correlated, further 
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simplification and interpretation may be performed. In 
addition to the removal of bifurcation and elongation 
artifacts, sets of hard coded procedures are used to check for 
other special cases occurring within the representation 
extracted thus far. 

[00133] The foregoing procedures are a type of static 
knowledge base that further delineates how regular and 
singular regions should be interpreted for the specific task 
of embroidery mark point generation. The rules coded here are 
application specific and take into account the methods a human 
expert would use to create embroidery for stroke like regions. 
An example of one such rule would be the location and 
interpretation of types of serif-like fonts described above. 
[00134] The presence of these regions may be detected using 
the surrounding skeletal, contour, label, and DT data 
extracted thus far. The first indicator is a skeletal node of 
degree 3 in which two of its branches are sufficiently short 
and terminate at nodes of degree 1. 

[00135] A second criterion is formulated by examining the 
characteristic edge points associated with the two termination 
nodes at the end of these branches. Specifically, the left 
end point anchor of one branch should be directly connected to 
the right end point anchor of the other branch (or vice-versa) 
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via a single contour line segment. Then, one final criterion 
ensures that the serif merges smoothly with the main column. 
Here, the associated junction point anchors are evaluated. If 
they do not represent a significantly sharp or acute contour 
concavity, the merge is considered to be smooth. 
[00136] Once the serif-like region is identified, the two 
associated short serif branches are removed and endpoint 
anchor points for the remaining branches are redefined to lie 
at the left and right endpoint anchor points of the eliminated 
branches . 

[00137] The combination of skeleton, distance transform, 
contour, and characteristic edge point information allows a 
us;er to create intuitive rules to recognize special cases. 
These static rules, formulated by a human expert for the 
targeted domain, are an adequate solution to interpreting 
specific areas of stroke (e.g., region) appropriately. 
[00138] The coding mechanism executes to evaluate singular 
regions using surrounding regularities, step 428. The 
remaining singular regions located around skeletal junction 
nodes are indicative of a set of interfering regular regions. 
These regular regions merge at the associated singularity 
causing any continuity between the set of regularities to be 
occluded. Processing described here attempts to reconstruct 
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the occluded stroke or contour information by utilizing a 
simple energy minimization strategy. 

[00139] While this strategy may not always be able to 
reconstruct the exact dynamics of the singular region as it 
was originally created, it does provide at least one 
interpretation suitable for the singularity's dynamic 
recreation using embroidery stitching. The overall idea of 
the strategy is to match appropriate pairs of regular regions 
entering the singularity. 

[00140] Reconstructing the required occluded boundaries 
between their regions then joins these regular regions such 
that they may be sewn as a single continuous column or stroke. 
Conditions for matching two regular regions joined at a 
singularity include energy minimization criteria, so that 
joining the two regions does not result in any sharp 
discontinuity or area of high energy. The occluded 
boundaries, which are reconstructed, are also created to 
eliminate as much discontinuity as possible, such that the 
final stitching generated within the regularity does not 
appear erratic or aesthetically improper. 
[00141] As an example, refer to FIGURE 10. Here, the 
singularity present at the intersection area of the two line 
regions is interpreted. Using the above criteria it is 
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determined that stroke area 1010 should continue through the 
singularity to connect with stroke area 1050. The occluded 
boundaries through the singularity are reconstructed by having 
contour point A continue or connect to contour point B, and 
having contour point D continue or connect to contour point C. 
Thus, a single extended regularity now replaces stroke areas 
1010 and 1050. Similarly, stroke area 1020 is connected to 
stroke area 1040 and contour point A is connected with D and 
contour point B is connected with C. 

[00142] As contour anchor points are now created at all 
appropriate locations and interpretation of each singular 
region is accomplished, the regular regions now delineated may 
be processed further. Specifically, a more robust description 
of the region is computed by interrelating the pairs of 
contours that enclose associated regular regions (i.e., 
strokes or columns) . This processing step produces the final 
stroke representation needed for embroidery satin stitch data 
point generation. 

[00143] Contour points on opposite sides of a skeletal 
branch are connected via vectors considered to be orthogonal 
or normal to the stroke at those points. Stoke normals are 
created using the method outlined herein below. 
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[00144] Now referring to FIG. 11, a portion of a thin object 
to be sewn with satin stitch is shown. Thin object 1100 
comprises a plurality of edge normals 1102, a plurality of 
edge contour segments 1104, a plurality of start/end stroke 
segments 1106, a plurality of stroke segments indicating a 
stroke-angle 1108 and a plurality of non-sensitive stroke 
diagrams 1110. 

[00145] Edge normals 1102 are computed at consecutive 
contour points between associated anchor points. These 
normals face inwardly toward the skeletal branch. 
[00146] A stroke normal is then defined as a start stroke 
segment (i.e. the segment between the left and right anchor 
points at the skeletal node from which the branch originates) . 
The angle of this segment, known as the stroke angle, is 
computed . 

[00147] The next edge point that lies closest to the 
previous stoke normal is then found by traversing the left and 
right contours of the stroke. The contour point is then 
connected to an opposite edge contour point. The coding 
mechanism calculates for a least squares minimum between the 
angle of this newly crated stroke segment and the 
corresponding contour normals it connects. Included in this 
least squares computation is also a measurement of the stroke 
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normal's length proportional to the average column width at 
that point. The result is that a stroke normal of minimal 
length connects two edge points at which the gradient is 
approximately equal but opposite. 

[00148] Interpolation is incorporated in this process to 
allow points between contour vertices to be mapped or 
connected to opposite side contour vertices. The mechanism 
continues to find the next edge point and connect the contour 
point until the ending set of left and right anchor points is 
encountered . 

[00149] During the above procedure, it is possible that 
certain contour vertices may be skipped over during the 
matching process. To handle this case, placeholders are 
inserted for the skipped vertices. These vertices are matched 
at a later time. The stroke normals created at these points 
must lie within the bounds of the stroke normals already 
created before and after them. 

[00150] Referring again to FIG. 4, once the coding mechanism 
executes, the embroidery data generating mechanism executes 
the column smoothing mechanism, in step 430. The column 
smoothing mechanism customizes the region description to 
embroidery data point generation. This step is a smoothing 
operation in that it attempts to remove discontinuity among 
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consecutive stroke normals, making the transition from one 
stroke to the next more "smooth". 

[00151] Column smoothing is performed iteratively by 
examining three consecutive stroke normals at a time. If the 
center points of the three normals fall within a straight line 
(within a small variation proportional to the column's 
thickness) , the second column normal in the set is examined. 
[00152] If the first and third normals imply a trend that is 
not exhibited by the second column normal, the angle of this 
middle normal is adjusted and an additional normal is added if 
this results in an orphaned contour point. 

[00153] Additionally, the first and last column normal of an 
entire column are always examined. The length of these 
normals is recorded. Subsequent adjacent normals that are 
within this length are adjusted to ensure a smooth transition 
at the endpoints of a column. 

[00154] This processing is most needed when generating 
columns which begin or end with serifs. With more continuity 
between stroke normals, smaller interpolations are required 
during stitch generation, which also usually leads to better 
performance on the associated sewing equipment. 
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[00155] Hence, while the previously discussed processing is 
not a strict requirement for embroidery data point generation, 
it inevitably leads to more improved embroidered designs* 
[00156] One other operation performed by the column 
smoothing mechanism is the detection of sharp or high 
discontinuity in a sequence of column normals. This situation 
typically arises when a column or stroke-like region bends 
sharply. An example of this would be the uppercase letter 
"N". In this example, there are two locations where lines 
meet at an angle of less the 45 degrees. Stitching 
continuously around such areas of sharpness may produce 
unfavorable results. This is usually due to excessive 
interpolation of associated stitching causing a sparseness on 
one side of the column and a bunching or overstitching on the 
opposite side. To remove this problem, the column smoothing 
mechanism breaks the column into two separately sewable 
regions that meet at the area of sharpness. Thus, in the 
example of the uppercase letter "N" , the diagonal line region 
would be extended on either end and made into a single column 
of satin stitches. Subsequently, the two vertical lines would 
be shortened slightly at the area where they meet the diagonal 
and would then also be sewn as independent columns of satin 
stitch . 
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[00157] When the column smoothing mechanism is finished 
executing, the embroidery data generating mechanism executes 
the path generation mechanism, step 432. The path generation 
mechanism generates satin stitch embroidery control points 
that correspond to the end points of each stroke normal. 
[00158] However, there still exists the important issue of 
how the strokes should be ordered or traversed during the 
control point generation process. This problem is similar to 
the issue of how fill region fragments should be ordered and 
sewn when generating fill stitch objects. Optimization 
criteria include minimizing thread cuts and maintaining stroke 
continuity. Specifically, several path planning algorithms 
are executed which generate a set of possible paths (i.e. 
s.troke or column order ings) that may be used to generate an 
appropriate sequence of embroidery control points such that 
all columns of a thin object are specified or sewn. At least 
one of these paths is guaranteed to generate embroidery data 
for the thin object without requiring any thread cuts. The 
specific mechanism used to generate such a path may be 
specified as a recursive algorithm. 

[00159] This algorithm is provided, as input, a start or 
entry node within the thin object and then proceeds to 
traverse (by generating run stitch control points) skeletal 
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branches and nodes emanating from this node recursively until 
all branches and nodes have been visited. As each recursive 
call completes, the satin stitch control points, for the 
column associated with the particular skeletal branch being 
traversed, are output. A recursive call completes (at a given 
node for a given branch) only when all other branches 
connected at that node have been traversed (i.e. marked) via 
other recursive calls. Special cases, such as loops, are 
uniquely handles such that they are sewn continuously. For 
example, one would traverse a cursive lower case "1" as a 
single stroke rather than an upside down v stroke with a 
second connected oval stroke on its top. 

[00160] In certain situations, avoiding thread cuts (i.e. 
never allowing the needle to be lifted and relocated) may 
cause columns within a thin object to be sewn with less 
continuity. For example, the sewing of a single long column 
or stroke may be interrupted at various points to sew other 
columns that connect to the column at those points. 
Interrupting the sewing of a continuous column in this way may 
introduce phenomenon such as material buckling or movement 
depending on the magnitude of the interruption. The approach 
presented here measures this magnitude as the combined length 
of other columns that are sewn before sewing returns or 
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continues along the initial long column. If a sufficiently 
large magnitude interruption is detected, the path planning 
mechanism attempts to generate a new different path around the 
associated columns such that the magnitude is reduced. The 
computational efficiency of this technique may degrade to the 
point of computing all possible paths for a thin object. 
Eventually, the path chosen is the one where the combined 
magnitude of interruptions is minimal. 

[00161] Once path generation mechanism generates the control 
points, the embroidery data generating mechanism executes the 
embroidery output mechanism, step 420. It should be 
understood that all objects within the embroidery data are 
processed until mark points for each object are generated. 
Once the embroidery output file is generated, any sewing 
device can use the information contained within the file to 
stitch the embroidery design. 

[00162] Since other modifications and changes varied to fit 
particular operating requirements and environments will be 
apparent to those skilled in the art, the invention is not 
considered limited to the example chosen for purposes of 
disclosure, and covers all changes and modifications which do 
not constitute departures from the true spirit and scope of 
this invention. 
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[00163] Having thus described the invention, what is desired 
to be protected by Letters Patent is presented in the 
subsequently appended claims. 



62 



